MicroRNAs (miRNAs) are emerging critical regulators of cell function that frequently reside in clusters throughout the genome. They influence a myriad of cell functions including the generation of induced pluripotent stem cells (iPSCs), also termed reprogramming. Here we have successfully delivered entire miRNA clusters into reprogramming fibroblasts using retroviral vectors. This strategy avoids caveats associated with transient transfection of chemically synthesized miRNA mimics. Over-expression of 2 miRNA clusters, 106a-363 and in particular 302-367, allowed potent increase of iPSC generation efficiency in mouse fibroblasts using 3 exogenous factors (Sox2, Klf4, Oct4). Pathway analysis highlighted potential relevant effectors including mesenchymal-to-epithelial transition (MET), cell cycle and epigenetic regulators. Further study showed that miRNA cluster 302-367 targets Tgfβ-receptor 2 (TgfβR2), promotes increased E-cadherin expression and accelerates mesenchymal-to-epithelial (MET) changes necessary for colony formation. Our work thus provides an interesting alternative for improving reprogramming using miRNAs and adds new evidence to the emerging relationship between pluripotency and the epithelial phenotype.
Introduction
Pluripotent and differentiated cell fates are at least in part determined by tissue specific-transcription factors that impose a concrete genetic program (1) . In addition to coding RNAs, non-coding RNAs (2) are integral part of the genetic programs that specify cell fate, regulating for example the expression of key cell specific-transcription factors (3) and chromatin stability (4), and therefore cell-specific properties. miRNAs are non-coding RNAs 21-23 nucleotides long that by inducing degradation and/or preventing translation of target mRNAs (2) , modulate a plethora of cell functions including those related to embryonic stem cell (ESC) self renewal/differentiation (5) and cell cycle progression (6) . In this context, it is not only expected that miRNAs can enhance reprogramming but also tempting to speculate that in the right combination they might as well be able to reset somatic cells into iPSCs without added factors. Blelloch and colleagues observed that in the original cocktail devised by Takahashi and Yamanaka (1), c-Myc can be substituted by components of the miR-290 cluster or by miR-302d (7) . Elimination of c-Myc is desirable because it reduces tumor formation, but has a negative effect on the reprogramming. However, use of chemically synthesized oligos involves repeated transfection and this implies transient miRNA cluster 302-367 enhances reprogramming through MET effect, toxicity, and the inability to pool large numbers of miRNAs without reducing their concentration beyond an optimal threshold. The latter is a concern because many ESC-specific miRNAs reside clustered within the same genome locus and one could argue that delivering some or all these miRNA clusters together should be optimal for producing iPSCs.
In this regard, we demonstrate herein that stable over-expression of entire endogenous miRNA clusters can potently improve reprogramming and be an effective tool for mechanistic analysis.
Experimental procedures Cell culture and iPSC generation
Mouse embryonic fibroblasts (MEFs) were produced from E13.5 embryos obtained by crossing OG2 male mice (8) Addgene. Constitutively active Tgfβ-receptor 1 and Tgfb-receptor 2 plasmid were described elsewhere (9) . Cells were infected as described (8); they were not split on feeders at any time during the reprogramming. The number of viruses was maintained constant in all experiments by filling up with with empty vector. Where indicated Vc (sodium L-ascorbate; Sigma) was added at 50 μg/ml from day 2 till the end of the experiment. GFP+ colonies were counted using an Olympus IX51 fluorescence microscope. Isolated iPSCs were cultured on feeders in KnockOut Serum Replacement (KSR, Invitrogen)-medium (same recipe as ES medium but FBS was substituted by KSR). iPSC characterization Karyotyping, bisulfate sequencing, and chimeric mice generation (with blastocysts from ICR mice) were done following standard procedure. The institutional ethics committee approved all experiments involving animals. Quantitative RT-PCR (qPCR) was performed using SYBR Green (Takara); samples were analyzed in triplicate and β-actin values used for normalization. Primers for bisulfate sequencing have been described before (8) . qPCR primers for assessing exogenous factor silencing and semi-quantitative PCR primers for DNA integration are listed in Table S1 . DNA microarrays were performed using Affymetrix MoGene 1.0 ST chip and analyzed with Partek software (Partek). GEO database accession number is GSE23104. miRNA over-expression, antagomir transfection and 3'-UTR analysis miRNA clusters were amplified from genomic DNA of MEFs using primers listed in Table S1 , and cloned into the pMXs retroviral plasmid. All constructs were verified by sequencing. Experiments over-expressing miRNAs in the absence of exogenous factors also involved 2 rounds of infection. Total RNA was extracted using Trizol and reverse transcribed using specific stem-loop primers (RiboBio), all reactions were run in triplicate. The RT-PCR reaction for miRNA detection was carried out at 42°C for 1 hour, 70°C for 10 minutes and then held on at 4°C. After this, cDNA was diluted 100 times and 6 μl used for SYBR Green qPCR reaction. Samples were analyzed in triplicate and U6 small nucleolar RNA was used for the normalization. Antagomirs (RiboBio) were transfected 2 and 6 days after infection using Lipofectamine 2000 (Invitrogen) following the instructions by the manufacturer; oligo concentration was 50 nM and the reaction was allowed to proceed for 12 hours before changing the medium. psiCHECK TM -2 vector was purchased from Promega and the 3'-UTR of Tgfβ-receptor 2 cloned after PCR of cDNA from MEFs. Luciferase activity was measured using Dual-Glo Luciferase Assay System (Promega). Western blotting and immunofluorescence microscopy Western blotting was performed using ECL Plus (Amersham). For immunofluorecence, cells were fixed in 4% paraformaldehyde for 30 minutes, washed, blocked and permeabilized in blocking solution (PBS containing 3% FBS and 0.2% Triton X-100) for 30 minutes. Primary antibodies were incubated overnight at 4°C in blocking solution, washed twice and incubated with the corresponding secondary antibodies for 2 hours at room temperature. Cells were washed twice and stained with DAPI (Sigma) for 5 minutes. We used a LEICA DMI6000B microscope (Leica Microsystems GmbH, Wetzlar, Germany) for observation and photographing. Antibodies were purchased from E-cadherin: Abcam, β-catenin: BD Biosciences, Tgfβ-receptor 2: Cell Signaling, and β-actin: Sigma.
Results and Discussion
We chose 3 miRNA clusters with high relative expression in ESCs compared to somatic cells, based on our recent work (9) and insights from other studies (10, 11) . miR-200b-429, miR-106a-363 and miR-302-367 were hereafter referred to as clusters A, B and C respectively ( Figure 1A ). Cluster A contains miR-200b, -200a and -429, which are associated with maintenance of an epithelial phenotype (12) . Cluster B contains miR-106a, -18b, -20b, -19b-2, -92a-2 and -363; cluster C contains miR-302 members b, c, a, d and miR-367. miR-106a, -20b and miR-302 members, as well as constituents of the miR-294 cluster, belong to the so-called embryonic stem cell cycle-regulating (ESCC) miRNAs responsible for modulating the unique characteristics of ESC cell cycle (6) . miR-106a and -20b and several miRNA components in cluster C display similarity in the seed region that helps determine target specificity (2) ( Figure S1 ). Members of miR-294 cluster share this similarity as well, suggesting that the 3 clusters may act in tandem to impose changes in the ESC program. First, we verified high expression of each individual endogenous miRNA of the 3 clusters in mouse ESCs compared to fibroblasts using qPCR ( Figure S2A ). Then we amplified their genomic loci by PCR and separately cloned them into a retroviral vector commonly used to induce reprogramming (1, 8) . We envisaged that a fragment containing not only the miRNA precursor sequence but also tens of flanking bases would result in effective cleavage of the large pri-miRNA product into mature miRNAs. Increased expression of each individual component was validated by qPCR after delivery into fibroblasts ( Figure S3 ). Fold increase of miR-106a, -20b, 19b, -92a, -367 and -429 was less remarkable possibly due to higher basal expression in fibroblasts relative to miR-302 components ( Figure  S2B ). Then, we over-expressed the 3 miRNA clusters together with Sox2, Klf4 and Oct4, with or without c-Myc, using donor fibroblasts that bear a transgenic Oct4 reporter driving GFP expression as indication of full reprogramming (8, 9) . Cluster B and more remarkably cluster C significantly enhanced the number of GFP+ colonies counted at day 11 post-infection with 4 factors or day 15 with 3 factors (Figure 1B-C) , while cluster A did not have any effect. The improvement by clusters B and C was more evident in 3 factors than in 4, and in both cases we observed strong synergy with Vc, which is known to improve reprogramming (8) (Figure 1C) . The increase in GFP+ colonies and accelerated time course with the 3 factors and cluster C is notable as under normal experimental conditions only a few colonies emerge as late as day 20. We also noticed that most if not all the colonies produced with 3 factors and clusters B or C had ESC-like morphology and were GFP+ rather than representing incompletely reprogrammed cells. GFP+ colonies could be readily picked and expanded, and were pluripotent using standard procedures including the formation of chimeric mice with germline transmission ( Figure 1D-E and Figure S4 ). These miRNAs had integrated into the iPSC genome but their expression was mostly silenced, as it happened with the exogenous transcription factors ( Figure  1F-G) . Therefore, stable over-expression of endogenous miRNA clusters can greatly improve the reprogramming of somatic cells.
Next, we tried to understand the differential effect of miRNA clusters B and C on 3 versus 4 factors. We hypothesized that the 2 factor combinations may mediate differential activation of the endogenous miRNA clusters B and C. qPCR showed indeed that miR-106a, -19b, -20b and -92a were significantly up-regulated by 4 factors compared to 3, and by individual over-expression of c-Myc (Figure 2A) . In contrast, miR-302b and d were induced by 4 factors but not by c-Myc alone (Figure 2A) . The latter suggests an indirect effect of the 4 factors or a single factor-mediated effect that needs prior opening of the chromatin through the combined action of all factors. Other components of clusters B and C did not show any noticeable change (data not shown). Then we analyzed the relative contribution of each miRNA by over-expressing them individually or in combinations, also using retroviral vectors and adding Vc to magnify differences. In the context of cluster B only miR-106a and -20b could improve the 3 factors basal efficiency ( Figure 2B) . On the other hand, the sum of miR-302b, c, a, and d was almost as potent as intact cluster C, while miR-367 alone had no effect (Figure 2B Figure 2C) ; these experiments were performed as well with added Vc. These results show that c-Myc directly and indirectly up-regulates key miRNAs to overcome the low basal reprogramming efficiency of 3 factors compared to 4.
We also investigated how miRNA clusters B and C enhance reprogramming mechanistically. We performed DNA microarray analysis of a time course experiment over-expressing 3 factors and clusters B and C or control empty vector, and the analysis yielded a large number of differentially expressed (DE) genes (Table S2) . These DE genes did not group into pathways with obvious connection to reprogramming (Table S3) . However, among those changed at early time point (day 4), especially in cluster C, we found genes involved in 3 relevant processes: cell cycle, epigenetic modulation, and EMT (epithelial-to-mesenchymal transition)-MET (e.g. the transcriptional repressor Zeb1, E-cadherin and occludin) ( Table S4) . At later time points we observed as well increase in Esrrb, Nanog and UTF1 (Table S4) , which have been implicated in reprogramming. The effect of clusters B and C on cell cycle-related genes is not surprising as some of the constituent miRNAs belong to the ESCC group (6) . Others and we showed recently that a process of MET (mainly driven by Klf4) coupled to down-regulation of EMT-related genes and Tgfβ signaling (mainly mediated by c-Myc) is instrumental for the reprogramming of fibroblasts into iPSCs (9, 14) , but the precise molecular mechanism is not well understood yet. We hypothesized that miRNA cluster C enhances reprogramming at least in part through a MET-related mechanism. First, we explored a putative link between cluster C and MET in silico and found that indeed TgfβR2 is a potential target mRNA of miR-302 members as predicted with the program TargetScan (2). TgfβR2 binds Tgfβ cytokines and induces EMT through phosphorylation of TgfβR1 and activation of the Smad signaling pathway (9) . We also detected that miR-302d as a representative component of cluster C, binds to and represses the 3'-UTR of TgfβR2 using a reporter-based assay ( Figure  3A-B) . This was alleviated by mutating the miRNA binding site in the 3'-UTR ( Figure 3B ). In addition, over-expression of cluster C down-regulated TgfβR2 protein in fibroblasts ( Figure 3C) . TargetScan predicted as well that miR-20b and -106a can target TgfbR2, but we did not observe protein down-regulation after over-expressing cluster B in MEFs ( Figure 3C) . During the time course of reprogramming with 3 factors, cluster C could increase E-cadherin expression compared to cluster B or the control, as assessed by qPCR and Western blotting ( Figure  3D-E) . Interestingly, cluster A could as well increase E-cadherin mRNA and protein ( Figure  3D-E) . Immunofluorescence microscopy for E-cadherin and its cytoplasmic partner β-catenin validated that both cluster C and cluster A induce MET ( Figure 3F ). E-cadherin induction by clusters A and C was comparable at early time points but later on the increase was more marked with cluster C (Figure 3D and F) . On the other hand, over-expression of a constitutively active form of TgfβR1 (more potently) or TgfβR2 (9) attenuated the accelerated MET changes observed with miRNA cluster C and 3 factors (data not shown), and reduced the number of GFP+ colonies ( Figure 3G ). This demonstrates that cluster C enhances reprogramming at least in part by targeting TgfβR2. While our manuscript was being prepared Li and colleagues (15) showed that miR-106a and -106b enhance mouse reprogramming through down-regulation of p21 and TgfβR2. The lack of obvious effect of cluster B (containing miR-106a) in repressing TgfβR2 in MEFs and inducing MET during reprogramming in our model may be explained by differences in the delivery method. miR-106a/b and miR-302 components display similarity in the seed region but their sequences are not identical (Figure S1) , which might determine different affinity for targeting TgfβR2. In this regard, oligo transfection can likely achieve higher single miRNA expression levels than retroviral delivery of an entire miRNA cluster, thus bypassing potential differences in relative specificity. The lack of effect on colony formation of miRNA cluster A is also puzzling and contrasts with data by Samavarchi-Terahni et al. (14) . Interestingly, we observed that cluster A seems to improve MET at the start but the final number of reprogrammed colonies remains unaffected. (16) , and this could explain why miRNA cluster A accelerates the reprogramming up to a certain stage (the MET) and then blunts it. Potential targets of cluster A also belong to KEGG pathways not related to cluster C and this could as well derail the process ( Figure S5 and Table S5 ). Delivery of cluster A using a inducible system may be a useful way to further study these possibilities. Of note, we also observed increased iPSC clone formation with 3 factors and miRNA cluster 302-367 in human fibroblasts (Figure S6) , the effect was not as dramatic as in mouse cells but raises the possibility of further optimization. Lin and colleagues had used miR-302 constituents to reprogram human skin cancer cells and hair follicle cells into clones that display similarity with iPSCs (11, 17) . Nevertheless, in the latter study it is unclear whether the target cells are fibroblasts or a stem cell population, and the colonies did not display human ESC-like morphology (17) .
In summary, our work describes an alternative method to test miRNA combinations in nuclear reprogramming by exogenous factors and gives mechanistic insight into how the process happens ( Figure S7 ). Currently we are testing different miRNA combinations that include existing genomic clusters and artificial mixtures to define additional signaling pathways and devise strategies that improve transgene free reprogramming. For example, the same principle applied recently to produce human iPSCs with modified mRNAs (18) may be applied to deliver miRNA clusters like those described here. Our finding that miR-302 represses TgfbR2 may as well be relevant in other settings, for example cancer stem cells (19) . A, Scheme depicting the clusters and their position in the genome. The boxes represent the miRNA precursor sequences, the shadowed parts the mature sequence. B, Phase contrast and fluorescence photographs of emerging colonies. 3F indicates 3 factors, D indicates day. Scale bar=500 μm. C, Number of GFP+ colonies produced using MEFs infected as indicated and treated with or without Vc. 4F indicates 4 factors. *, ** and *** indicate p value <0.05, 0.01 and 0.001 respectively, calculated with Student's t-test. A representative experiment out of 3 is shown. D, qPCR analysis for endogenous ESC transcription factors (endo=endogenous) and miRNAs in the indicated iPSC clones; R1 ESCs and a chimera competent iPSC clone were the controls. E, Chimeric mice and germline transmission using the indicated iPSC clones. CB and CC indicate clusters B and C respectively. F, Semi-quantitative PCR shows transgene (exo=exogenous) integration (also the miRNA clusters) into the genome of iPSCs and the mice derived from them. Untransduced MEFs and mouse tail-tip fibroblasts (TTFs) were the negative controls. Pups 1 and 2 were produced with iPSC clone 3F-CB9, and 3 and 4 with 3F-CC4. Lack of integration for cluster C in Pup 3 may be related to chromosome segregation during meiosis. G, qPCR for the transgenes. Values are referred to reprogramming MEFs extracted at day 6; untransduced cells are also included. 
